In the measurement of dental casts, both experimental and systematic errors may be present. Sometimes they arise from the same source. For example, if an investigator uses dividers for the measurement of mesiodistal tooth diameter, the values are apt to be consistently larger than the "true" value because of the taper on the points of the dividers. The true points do not touch the greatest width of the tooth when placed on the tooth, but rather the sides of the points are in contact with the tooth. This error is included in the measure when read off on the scale, since it is the distance between the true points that is read off. The error introduced is thus a systematic error. When the tooth is remeasured by the same technique, the points of the dividers may not be placed in exactly the same position on the tooth, and the value read off on the scale will differ from the previous value. This is an experimental error.
It should be remembered that the terms "error" and "discrepancy" are used here in their technical sense In "Variation of Tooth Position," Seipel3 states: "The exactitude of the measurements depends on the safety of the chosen points, the precision of the measuring instrument, and on the way in which the investigator uses it" (p. 27).
PART I The purpose of the first portion of this study was to evaluate the errors and discrepancies between two commonly used measuring instruments and between two investigators. The materials used consisted of the plaster casts of 24 subjects chosen randomly from those obtained in 1941 from the University of Michigan Elementary School Growth Study. Impressions were all taken with an alginate material and poured in model plaster.
METHOD
The first method of measurement involved the use of a pair of engineering dividers (with wheel-screw adjustment) and a millimeter scale especially engraved to permit readings in tenths of millimeters. The dividers were adjusted to the mesiodistal diameter of the tooth being measured, and the size was read off from the engraved millimeter scale by putting the points of the dividers on the scale. The other method involved the use of a regular sliding caliper (Helios style) with a Vernier scale as an integral part of the instrument. Both methods permit readings to the nearest 0.1 mm.
Central incisors through first permanent molars in all four quadrants, or 24 teeth, were measured where possible. The changing dentitions eliminated some teeth from the study, as did poorly contoured restorations involving contact areas.
The light source was standardized for all measurements, with a desk-type flourescent lamp and goose-neck tungsten lamp. By reading the instrument in the glare of the light, the eye, instrument, and light source lay approximately in a straight line, thus reducing errors of parallax to a minimum.
When the scale gave a reading precisely between two 0.1 divisions (i.e., precisely between 7.6 and 7.7), a deck of cards, eight marked with a plus and eight marked with a minus, was consulted to decide whether to read the higher or the lower digit. After sixteen such selections, the deck was reshuffled.
The mesiodistal crown diameter was measured wherever possible, with the points of the dividers or calipers parallel to the long axis of the tooth and on the normal contact areas. The dividers or calipers were inserted from the buccal (labial), with the instrument held at a right angle to the long axis in most cases. However, in some instances the measurements were necessarily made with an insertion from the occlusal (incisal), with the instrument held in a plane parallel to the long axis of the tooth. In cases of linguoversion, a lingual insertion was used. When teeth were rotated, the normal contact areas were chosen. Since the widest portion of a tooth is usually toward the buccal, it follows that the measurement from contact point to contact point is not necessarily the greatest mesiodistal diameter. However, the difference is slight. To study differences between investigators and between first and second measures by the same investigator (as well as instrument differences), each tooth was measured by each investigator, using both dividers and sliding calipers. The procedure was then repeated; thus each tooth was measured eight times.
Since it was the error or variability, not the actual tooth size, in which we were interested for this study, the effect of tooth size was eliminated by calculating, for each tooth, the mean of the eight measurements and subtracting the mean from each measurement. The measurements for the right mandibular central incisor, case No. 3 71, are shown in Table 1 .
These differences were accumulated for the 24 cases, and a 2 X 2* analysis of variance was performed for the first measurements and for the second measurements for the right mandibular central incisor. For this tooth, the sliding calipers (both investigators) gave a significantly smaller measurement than did the dividers for both first and second measurements. The difference between investigators (both instruments) was significant for this tooth for the first measurement, but not for the second. This type of analysis was repeated for all 24 tooth positions measured.
RESULTS
1. In all tooth positions, the dividers, on the average, gave a significantly larger measurement than did the sliding calipers.
2. The mean size of this difference (mean for all positions and both investigators) was 0.153 ±0.026 mm. (S.E. of the difference).
3. Consideration of first and second measurements revealed that in 17 out of 24 positions the mean of the first measurement was larger than the mean of the second and contained more variation, but only 6 of these 17 were significantly larger. When the means of all the first measurements were pooled and compared with the means of all the second measurements, the reduction in variability was significant at the 0.01 level. 4 . Means of differences between investigators were significant for measurements of all 4 cuspids, but not consistently for the other positions. It was felt that a sample of two investigators does not provide a sound basis for any conclusions in this matter. 5. Tests for differences in variances for the 6 anterior teeth as opposed to the 6 posterior teeth were significant, suggesting that a tooth-by-tooth analysis would be interesting. CONCLUSIONS 1. Use of dividers gave, on the average, a significantly larger measurement of tooth size than did sliding calipers. This is probably due to the taper on the points of the dividers. The true points do not touch the greatest width of the tooth when placed on the tooth, but rather the sides of the points. This error is systematically included in the measure when read on the scale, since it is the distance between the true points that is read off. Therefore, there is both a theoretical and a practical advantage to the sliding caliper, since the measures which result when they are used are closer to the true value for the size of the tooth and are, in addition, more easily obtained.
2. There was some reduction in variation in measures around the mean in each set of eight measures, as we go from first measure to second, suggesting that the measuring technique was perfected to some extent. This improvement was not large but suggests that a training period should be included in any study involving this type of measurement.
3. The training period provided in this study did standardize the techniques of both investigators, so that, aside from the reduction in variability seen in both, they measured with similar accuracy except for the cuspids. 4 . Technique may depend upon tooth position, since investigators varied on the cuspid measure and variability as a whole was greater for the posterior teeth.
PART II
The purpose of the second part of these investigations was to compare variances for all teeth individually and to study the accidental and experimental errors between investigators and between two sets of replicate casts and measurements, using the same measuring instrument. The material used for Part II consisted of replicate sets of plaster casts for the teeth of 23 individuals. The second set of casts were taken in each case, within an hour of the first set.
METHOD
In general, the method was identical with the method used in Part I, except that (1) only sliding calipers were used and (2) two sets of casts were available for each subject. Each cast was measured twice by the two investigators, giving again eight measures for each tooth.
Since the presence of fillings should have negligible effect on a study of discrepancies of measurement, the filled teeth were also measured, giving at least 18 determinations for each tooth position. When more than 18 determinations were possible, these were obtained, and the excess above 18 was deleted randomly down to 18.
Again, the mean of the 8 measures for each tooth was obtained, and the differences from this mean were used in the study of discrepancies.
The statistical treatment of the-data was designed to provide a six-way analysis of variance, if the assumptions concerning the homogeneity of the variances were met.
The components of the analysis were maxilla versus mandible, left versus right sides, cast I versus cast II, tooth position, and interactions. The differences from the mean of the 8 measures are the variables being studied.
For tests of differences in variability of tooth position, right and left sides, and maxilla or mandible, an estimate was made for each tooth based on a pooled sum of squares of the eight groups of measurements (8 combinations of cast I, cast II, maxilla, mandible, investigator 1, and investigator 2) with 136 degrees of freedom (8 X 17).
RESULTS
The findings of this study are summarized in Tables 2, 3 , 4, and 5. Table 2 , which contains the results of testing the-variances of the discrepancies for the left side against those of the right side shows that, although the discrepancies for the left side were more variable than the right side more frequently (10 out of 14 times), this difference was significant only for the maxillary central incisors and for the mandibular central and lateral incisors. Table 3 summarizes the test of variances of discrepancies for maxilla versus those for the mandible and demonstrates that the variances of the discrepancies for the maxillary lateral incisors and first and second molars are significantly greater than those of their mandibular counterparts. On the other hand, the mandibular left cuspid discrepancy variability is significantly greater than that of the maxillary left cuspid. Essentially, this suggests that the maxillary lateral incisors and molars and mandibular cuspids are harder to measure than the corresponding teeth in the opposite arch. This is probably accounted for by the shape of these teeth. within the same parentheses. In general, the variability of the discrepancies increases from central incisor to second molar. In lieu of the six-way analysis of variance, 28 three-way analyses of variance were performed (one for each tooth position). Each analysis was a test of the differences of means for investigator, cast, and measure and showed that only investigator differences were significant. The observed differences of means between investigators were calculated and are summarized according to position in Table 5 . While 19 out of 28 are statistically significant at the 5 per cent level and 16 at the 1 per cent level, these differences are all (with the exception of the maxillary left second molar difference) less than 0.1 mm. in size. This does not seem to be a difference of practical significance. However, it does illustrate a point of some importance. For example, had one investigator measured the teeth of females and the other the teeth of males and the problem of tooth size made on soaped casts with those made on unsoaped casts. Twenty Sophomore dental students with complete permanent dentitions from central incisors through first molars provided the subjects for this investigation.
METHOD
Intraoral measurements were made on the teeth of the twenty subjects using the same sliding caliper, as in the previous studies. The same investigator then measured the teeth on the plaster casts. Both intraoral and cast measures were then repeated. Finally, the casts were soaped and measured again.
RESULTS
A preliminary comparison of the size of the differences between first and second measures on the casts and in the mouth showed that the intraoral differences were The second measures were somewhat less variable than the first but showed larger mean differences posteriorly than did the first. Since the variances of first and second measures in the cast versus intraoral comparisons were closely similar, the first and second measures were combined. Table 6 shows these pooled findings. Note the rather large differences to be found in posterior measures. The average mandibular difference is less than 0.1 mm., and the average maxillary difference is 0.12 mm.
The study of soaped versus non-soaped casts showed slightly larger measures for tooth size on soaped casts. While 10 of the 24 teeth studied were significantly larger, the actual size of the difference was less than 0.08 mm. in all cases, and significance was achieved by small variances rather than by large actual differences. CONCLUSIONS 1. It is clearly more difficult to measure teeth in the mouth than on plaster casts. However, the differences which resulted from this difficulty were not important for anterior teeth. On the other hand, for second bicuspids and molars the cast measurements were systematically 0.1 mm. larger than the intraoral measurements. This was probably due to the difficulty encountered in establishing the widest mesiodistal diameter, particularly in the maxilla. There would seem, then, to be considerable advantage in making measurements of tooth size on plaster casts rather than in the mouth.
2. The comparison between soaped and non-soaped casts suggests that soaping systematically increases the size of the measurement, probably simply by the addition of a slight film. However, the size of this increase is insignificant as far as individual teeth are concerned.
SUMMARY
This investigation of experimental errors and discrepancies involved in the measurement of the mesiodistal tooth diameter on plaster casts included nine comparisons. These consisted of consideration of differences between first and second measurements, differences between measures made by two investigators, differences between measures made with dividers and with sliding calipers, differences between two sets of replicate casts, differences in measuring maxilla versus mandible and left versus right, differences between tooth types, differences between measures made on casts and in the mouth, and differences between measures made on soaped and unsoaped casts. The mean differences and their variabilities were studied.
Of the nine comparisons, four showed only experimental errors. These were comparisons between two investigators, between two sets of replicate casts, between maxillary and mandibular measures, and between left and right sides.
Certain teeth, such as maxillary molars and lateral incisors and mandibular cuspids, were found to be more difficult to measure for morphologic reasons.
To some extent, the more an investigator measures, the more accurately he does so. Also, the differences between measurements made by two investigators can usually be shown to be statistically significant, although these differences are of small magnitude. 
